The effect of dif€erent p-lactam antibiotics on the growth and morphology of Myxococcus xanthus has been examined. Exposure to penicillin and cephalexin resulted in spheroplast and filament formation, respectively. Mecillinam appeared to inhibit cell elongation and caused the formation of bent cells with central bulges. Myxospore formation was inhibited by cephalexin but not by mecillinam, although myxospores formed in the presence of mecillinam showed defects after germination. Germination of myxospores involves substantial cell-wall turnover as measured by uptake and loss of meso-diami~io[~~Clpimelic acid. Although turnover was observed when myxospores were germinated in the presence of mecillinam, the bacteria remained as spheres. Growth of these 'germinated myxospores' following removal of mecillinam indicated that wall material laid down during the early stages of germination is stable and a rod shape could be re-established only by bipolar growth of new wall.
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I N T R O D U C T I O N
Myxospore formation by Myxococcus xanthus is characterized by increased cellular autolytic activity (Kottel & White, 1974 ) and a high rate of turnover of cell-wall peptidoglycan (Dawson & Jones, 1979~) . This turnover occurs both in myxospores formed naturally within a fruiting body and in those induced in growth medium by glycerol (Dawson & Jones, 1979 b) . The properties of the two types of myxospore have been recently reviewed (Kaiser et al., 1979) . Myxospore formation requires the slender vegetative rods to change shape to ovals or spheres; the change in shape is reversed during germination. The rod to sphere change may be a necessary consequence of increasing cell volume in the absence of surface area expansion. Thus, the amount of peptidoglycan in vegetative cells and myxospores is similar (White et al., 1968); moreover, very little net uptake of mesodiaminopimelic acid into peptidoglycan occurs during myxospore formation (Dawson & Jones, 1979a ) whilst protein and DNA synthesis continue for several hours (Sadler & Dworkin, 1966) . Furthermore, cellular morphogenesis is inhibited in the absence of protein synthesis (when blocked by chloramphenicol) even though some increased turnover of peptidoglycan is observed (Dawson & Jones, 1979 a) .
In contrast, the germination of myxospores requires the re-establishment of a rod shape from a sphere and is likely to involve a specific determinant of cell shape. Glycerol-induced myxospores germinate readily when resuspended in fresh growth medium (Ramsey & Dworkin, 1968) and seem to provide a convenient and 'natural' system in which to study the control of bacterial shape. However, the general applicability of M. xanthus as a model for other Gram-negative bacteria will depend on the degree of similarity of cell-envelope synthesis 282
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and structure. Although the basic composition of the peptidoglycan in M. xanthus is typical of other Gram-negative bacteria (White et al., 1968) , it is more highly cross-linked (Johnson & White, 1972) . Furthermore, the peptidoglycan may not be in the form of a continuous sacculus but may consist of patches linked by unidentified trypsin-sensitive material (White et al., 1968) .
Further information on the nature of the shape changes that occur might be gained from a study of the effects of different P-lactam antibiotics on the growth and differentiation of M. xanthus. The cell envelopes of several bacteria have been shown to contain penicillin-binding proteins, which vary in their affinity for different P-lactam antibiotics, and which are assumed to have specific roles in cell wall growth and cell division (Curtis et al., 1979; Spratt, 1979) . The characteristic morphological changes which result from growth in the presence of different antibiotics have allowed the probable functions of some individual penicillin-binding proteins to be determined. For example, in Escherichia coli penicillin-binding protein 2, which has a high affinity for mecillinam, may control cell shape (Spratt, 1975 (Spratt, , 1977a whilst penicillin-binding protein 3 is involved in cell division (Spratt, 1975, 19 77 b) . In addition, penicillin-binding protein 5 has been shown to have DD-carboxypeptidase activity in Bacillus subtilis (Blumberg & Strominger, 1972) , E. coli (Spratt & Strominger, 1976) and Salmonella typhimurium (Shepherd et al., 1977) .
We now report the effect of several P-lactam antibiotics on the growth of M. xanthus and have examined, in more detail, the formation and germination of myxospores in the presence of mecillinam.
M E T H O D S
Organism and growth conditions. M~xococcus xanthus (NCIB 9412) was grown on 1 % Casitone medium as previously described (Dawson & Jones, 1 9 7 9~) . Myxospore formation was induced in liquid culture by the addition of glycerol (0-5 M) to exponentially growing cultures. Myxospores were germinated by resuspension of spores [after washing once in 0.2% (w/v) MgSO,. 7H201 in growth medium and incubation with shaking at 30°C. Myxospores were also recovered from fruiting bodies formed on 0.05% Casitone medium (Jones, 1978) ; they were resuspended in 0.2% (w/v) MgSO,. 7 H 2 0 and sonicated briefly to disperse clumps before addition to growth medium. Growth was measured by following turbidity at 550 nm.
Measurement of rneso-diamino[14Clpimelic acid uptake and loss. Cell-wall turnover in vegetative and differentiating cells was measured by the uptake and loss of meso-diamino[ l4C1pimelic acid as previously described (Dawson & Jones, 1979 a) . Labelled myxospores were prepared by adding (DL + meso)-2,6-diamino[ 1,7-14C1pimelic acid 10.1 pCi ml-'; 50 mCi mmol-I (1.85 GBq mmol-I); The Radiochemical Centre, Amersham) at the same time as the inducer, glycerol. Myxospore formation was allowed to proceed in the presence of the labelled amino acid for at least 6 h.
Alkaline phosphatase assay. A portion of culture (1 ml) was centrifuged and resuspended in 0 -1 Mglycine/NaOH buffer (pH 10) to an A,,, of about I. A sample (0.5 ml) was treated with toluene and then incubated with 0.5 ml p-nitrophenyl phosphate (1 mg ml-I in glycine buffer) for 20 min at 30 "C. The reaction was terminated by adding 2 M-NaOH (0.5 ml) and. after removing the bacteria by centrifugation. the A410 was determined.
Electron microscopy. Material for transmission electron microscopy was pelleted by centrifugation and fixed overnight at 4 "C with 5 % (w/v) glutaraldehyde. After washing and post-fixation with 1 % (w/v) OsO, for 1 h at 4 OC. the material was dehydrated through an ethanol series and embedded in Taab 812 resin. Sections were cut on an LKB Mk.5 Ultramicrotome and stained with lead citrate and uranyl acetate. Sections were examined in a Kratos Cora microscope at 60 kV. Scanning electron microscopy was performed on organisms that had been fixed with 5 % glutaraldehyde for 1 h at 4 "C. A drop of the bacterial suspension was dried on a glass coverslip and washed repeatedly with water. The material was examined after coating with 60 % (w/w) gold/palladium in a Cambridge Stereoscan electron microscope Mk.IIa. 
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R E S U L T S
Effect of P-lactam antibiotics on vegetative growth The sensitivity of M. xanthus to various P-lactam antibiotics was examined by following growth in the presence of different concentrations of each compound for up to 24 h. Measurements of the turbidity of cultures and microscopic observations of organisms were made at regular intervals. In liquid culture M. xanthus was found to be sensitive to all four antibiotics tested (Table 1) . On solid media, the antibiotics were required at much higher concentrations to inhibit growth. This result was probably due to the presence of a low level of extracellular P-lactamase, which we could detect in cultures on solid media.
The individual antibiotics produced a range of morphological effects (Table 1) . Penicillin G was growth inhibitory at concentrations greater than 50 pg ml-', as previously reported by White et al. (1968) . At these concentrations, spheroplast formation occurred either from the centre or from one pole of the bacteria (Fig. 1 b) to yield large non-viable spheres.
The morphological effects of cephalexin varied with the antibiotic concentration. Above 50 pg ml-l lysis occurred after a short period of growth, whilst below 5 pg ml-' the drug had no effect on growth or morphology. With 10 pg ml-' growth continued for at least 4 generations and long filamentous cells resulted. The formation of filaments of E. coli grown in the presence of cephalexin has been assumed to result from a specific inhibition of cell division (Spratt, 1975 (Spratt, , 1977 .
Mecillinam, at concentrations between 2 and 200 pg ml-l, inhibited cell division after about 1 generation time (240 min) and the bacteria were characteristically bent with a central bulge ( Fig. 1 c, e) . Distortion of the poles of the cells was also visible (Fig. 1 e) . Exposure to the antibiotic for 4 generation times resulted in greatly increased swelling in the centre of the cell but very little lysis occurred (Fig. 1 d) . Growth could be resumed after periods of exposure up to at least 6 h if the cells were resuspended in fresh medium without the antibiotic. Occasional Y-shaped cells were generated during re-growth after mecillinam treatment. Addition of mecillinam (20 pg ml-') and cephalexin (10 pg ml-') together resulted in morphologies identical to those with mecillinam alone.
Two other antibiotics, 6-aminopenicillanic acid and thienamycin, which in E. coli resemble mecillinam in having a high affinity for penicillin-binding protein 2 (Spratt, 1975 (Spratt, , 1977a , were also tested. It was found that M. xanthus was very sensitive to 6-aminopenicillanic acid and as little as 0.1 pg ml-' induced some spheroplast formation. However, at any one concentration a wide range of morphological effects was observed including the formation of filaments, spheroplasts and bent rods. Thienamycin had similar effects on the growth of M. xanthus to 6-aminopenicillanic acid, and at concentrations above 5 pg ml-' a variety of morphological effects were observed.
Myxospore formation in the presence of mecillinam and cephalexin
Since cephalexin inhibited septation and mecillinam inhibited cell elongation these two antibiotics were chosen for further study. Myxospore formation was induced (by 0-5 M-glycerol) in the presence of mecillinam (40 pg ml-I). The change of shape from rod to sphere followed the same time course as in controls without mecillinam, and the phase-contrast microscopic appearance of both myxospore preparations was identical. However, in the presence of mecillinam some bacteria (10 to 15 %) lysed before completion of cellular differentiation. In contrast to treatment with mecillinam, induction in the presence of cephalexin (50 yg ml-l) did not result in myxospore formation. Although the shape change was initiated the majority of the bacteria formed spheroplasts and eventually lysed.
The effects of the two antibiotics were explored further by following the uptake of meso-diamino[ 14C lpimelic acid into, and its release from, myxospore peptidoglycan. During vegetative growth uptake of rneso-diaminopimelic acid was not affected over a period of 4 h by mecillinam (20 pg ml-l) but was decreased by about 40 to 50% by cephalexin (50 pg ml-'). Cell-wall turnover during glycerol-induced myxospore formation showed a similar pattern with cephalexin both decreasing the net radioactivity incorporated (Fig. 2 a) and increasing the loss of radioactivity from prelabelled bacteria (Fig. 2 b) . Mecillinam had little effect on turnover (Fig. 2) . Myxospores formed in the presence or absence of mecillinam showed increased resistance to sonication compared with vegetative bacteria and both preparations germinated in fresh growth medium. However, many mecillinam-treated myxospores failed to divide after elongating and instead formed bent cells with central bulges characteristic of mecillinamtreated vegetative bacteria.
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Myxospore germination in the presence of mecillinam From the results presented above, mecillinam was not expected to inhibit the germination of myxospores. However, when glycerol-induced or fruiting body myxospores were incubated in fresh growth medium containing mecillinam (2 to 200 pg ml-l) the cells remained as spheres. Other p-lactam antibiotics prevented myxospores from elongating only at concentrations much greater than those which inhibited vegetative growth. After 100 min the glycerol-induced myxospores incubated with mecillinam appeared larger than ungerminated spores, and had also regained the sensitivity to sonication characteristic of vegetative cells. Cell-wall turnover during germination in the presence and absence of mecillinam was therefore examined.
Resuspension of untreated myxospores in fresh medium resulted in the simultaneous loss of radioactivity present as meso-diaminopimelic acid in the myxospores and the uptake of exogenous free rneso-diaminopimelic acid from the medium (Fig. 3) . During the initial 2 h period 40 % of radioactivity incorporated during myxospore formation was released. However, addition of mecillinam caused only slight inhibition of the initial rate of cell-wall turnover during myxospore germination (Fig. 3) . The failure of myxospores to change shape in the presence of antibiotic was thus not due to a general inhibition of wall synthesis or breakdown.
As an alternative to wall synthesis or turnover as a test of germination in the presence of the drug, alkaline phosphatase activity, which has been reported to increase transiently in myxospores as they germinate (Filer et al., 1977) , was also measured. Alkaline phosphatase activity reached a maximum 1 h after germination both in the presence and in the absence of mecillinam (Fig. 4) .
The effects of mecillinam were reversible since spores germinated with the antibiotic remained viable and resumed growth after removal of the inhibitor. However, the cells displayed aberrant morphologies, even beyond the first cell division. Thus, examination by scanning electron microscopy revealed definite polar extensions of the spheres (Fig. 5 e, f) which elongated to give a rod with a thickened central region (Fig. 5f) . By comparison, 
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germination of untreated spores involved a gradual change from spheres to rods without obvious polar elongation (Fig. 5 a , b, c ; Shimkets & Seale, 1975) . Finally, cell division after removal of mecillinam involved the formation of a furrow in the middle of the central bulge and the daughter cells were frequently club-shaped (Fig. 5f) . The outgrowth after initial germination with mecillinam present was only accompanied by a low level of wall turnover similar to that during vegetative growth.
D I S C U S S I O N
The effect of /?-lactam antibiotics on the growth of M . xanthus, as with other Gram-negative bacteria, varied with both the concentration and the particular antibiotic used. High concentrations of penicillin G, cephalexin, thienamycin and 6-aminopenicillanic acid resulted in lysis. Lower concentrations of penicillin and cephalexin led to the formation of spheroplasts and filaments, respectively. Similar effects have been observed in E. coli (Spratt, 1979) . The high sensitivity of M . xanthus to 6-aminopenicillanic acid is more unusual, and the variety of morphological changes that occur in its presence suggest that it inhibits several enzymes involved in wall synthesis. Very low concentrations of thienamycin had little effect on M. xanthus, in contrast to E. coli where this antibiotic has been reported to bind with high affinity at the same site as mecillinam and to result in similar morphological changes .
In the presence of mecillinam, M . xanthus formed osmotically stable curved rods with central bulges. The size of the bulge increased over several generations suggesting that some wall synthesis was continuing, but that cell elongation had been inhibited. The failure of M . xanthus to form rounded cells, which have been observed when E. coli or Klebsiella pneumoniae are exposed to mecillinam (Lund & Tybring, 1972; Satta et al., 1980), may be due to the initial shape of this bacterium (a long slender rod) compared with E. coli or K . pneumoniae rather than any basic difference in the function of the mecillinam target. Additionally, M . xanthus may have fewer zones of wall growth compared to the Enterobacteriaceae. A recent study of K . pneurnoniae (Satta et al., 1980) has suggested that the primary effect of mecillinam is inhibition of lateral wall synthesis, although previously Spratt (1975) had suggested that in E. coli the mecillinam binding site was specifically concerned with cell shape and that penicillin-binding protein 1 was responsible for cell elongation.
Evidence that the mecillinam target in M. xanthus is involved in the determination of cell shape, possibly by controlling lateral wall synthesis, may be deduced from the effects of the antibiotic on myxospore germination (see Fig. 6 ). Although myxospores germinated in the presence of mecillinam they were unable to change shape from a sphere to a rod. After removal of the antibiotic, growth was bipolar, suggesting polar growth zones. However, in vegetative cells mecillinam produced a central bulge and distortion of the cell poles. Hence, we conclude that M . xanthus has both polar and central zones of wall synthesis. The failure of the other /?-lactam antibiotics to prevent myxospores from elongating implies that the mecillinam-sensitive component has a key role in the shape change that accompanies germination.
The effect of mecillinam on myxospore formation was cryptic, since neither the change of shape from rod to sphere nor subsequent elongation during germination in the absence of antibiotic were affected. Only when the elongated bacteria attempted to divide were the effects apparent (Fig. 6) , which suggested that a mecillinam-sensitive component necessary for subsequent vegetative growth was synthesized during glycerol-induction of myxospores.
The experiments described here again show the importance of wall turnover in facilitating changes in cell shape. Myxospore germination has been shown to involve considerable uptake and loss of meso-diaminopimelic acid as formerly demonstrated for myxospore formation (Dawson & Jones, 1979a, b presence of mecillinam when the bacteria remain spherical, turnover per se was evidently not sufficient for cellular morphogenesis. That increased turnover was also necessary for shape change was implied by the fact that myxospores germinated in the presence of mecillinam did not show enhanced turnover after removal of the antibiotic and were unable to convert to a rod shape except by outgrowth. The results obtained indicate similarities with the more widely studied Enterobacteriaceae, and some special features which suggest that M. xanthus might be of considerable use in the study of bacterial morphogenesis.
